anthrose ͉ capsule ͉ pseudomonas syringae ͉ shewanella ͉ flagellae
A nthrax, a potentially lethal human infection, is a zoonotic disease contracted by humans under natural conditions directly or indirectly from domesticated animals. Disease manifestations occur according to one of three routes of encounter: (i) cutaneous, the most common, by contact with animals or their products; (ii) inhalational, the most serious; or (iii) gastrointestinal (1) . The causative organism, Bacillus anthracis, exists in vegetative or in spore form. In its vegetative form, B. anthracis produces two virulence factors that are essential for pathogenesis: the anthrax toxin and the capsule (2) . Spores are the infecting agent. They resist extreme heat, dryness, and aggressive chemical conditions and survive for decades in the soil (3) .
Spores of B. anthracis are surrounded by a loose layer, the exosporium, composed of a number of proteins. A major protein, called BclA (Bacillus collagen-like protein of anthracis), was shown recently to be a glycoprotein containing short O-linked sugar chains. Its structure (Fig. 1A) was elucidated by NMR and mass spectroscopy (4) . It contains three rhamnose residues substituted by an unusual nonreducing terminal sugar, 2-Omethyl-4-(3-hydroxy-3-methylbutanamido)-4,6-dideoxy-Dglucopyranose, named anthrose. The reducing end rhamnose is most likely attached to the protein through a GalNAc moiety.
This oligosaccharide (OS) was chemically synthesized in several laboratories and, when covalently attached to a protein, shown to be immunogenic in animals (5) (6) (7) (8) .
The spore OS was reported to be unique for bacilli spores (4, 9). However, carbohydrates of similar structures are present on two other bacteria. The capsular polysaccharide (CPS) of the marine organism Shewanella spp. MR-4 (10) contains side chains with terminal residues of 4-amino-4,6-dideoxy-D-glucopyranose (Qui4N) substituted with 3-hydroxy-3-methylbutyrate or 3-hydroxybutyrate, in different ratios depending on the growth medium ( Fig. 1 B and C) . Another structure similar to anthrose was found on flagella of Pseudomonas syringae, a plant pathogen (Fig. 1D) . It contains two rhamnose residues and a terminal 4-(3-hydroxybutanamido)-4,6-dideoxy-2-O-methyl-D-glucopyranose, thus differing from the anthrax OS by the replacement of 3-hydroxy-3-methylbutyrate with 3-hydroxybutyrate at the amino group of Qui4N (11) . In this study we report the serological cross-reactivity of Shewanella and P. syringae saccharides with anthrax spores and the preparation of Shewanella CPSprotein conjugates as a potential component of improved anthrax vaccines.
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The authors declare no conflict of interest. † To whom correspondence may be addressed. E-mail: kielbj@mail.nih.gov or robbinsjo@nichd.nih.gov. Table 1 shows that both antisera bound to both forms of Shewanella CSP by ELISA, but the anti-spore serum had a higher titer against CPS CDM than against CPS TSB ; the reverse was observed with the anti-anthrose serum.
Fluorescence microscopy showed that antiserum induced by Shewanella spp. MR-4 bound to B. anthracis spores (Fig. 2) . There was no binding to Bacillus cereus spores (data not shown).
Characterization of P. syringae Flagellae and LPS. Anti-B. anthracis spore and anti-Shewanella spp. MR-4 sera precipitated with P. syringae flagellae by immunodiffusion, confirming that the common sugar, present on B. anthracis spores, the Shewanella capsule, and the P. syringae flagellae, is cross-reactive. Because P. syringae flagellae could not be isolated free of LPS, the O-specific polysaccharide (O-SP) of P. syringae LPS was isolated, and its structure was analyzed. The results are presented in Table  2 : the structure of the O-SP was found to be identical to that of the described P. syringae pv. tabaci 225 serogroup VIII O-SP (12). It did not contain any anthrose-like sugar, and thus the cross-reactivity was ascribed to the glycosylated flagellae. This result was confirmed by Western blot analyses, in which flagellae but not LPS reacted with both anti-spore and anti-anthrose sera (data not shown).
Fluorescence microscopy showed that sera induced by P. syringae bound to B. anthracis ( Fig. 2) but not to B. cereus spores. The P. syringae anthrose-like sugar contained only 3-hydroxybutyrate groups, but the antibodies induced by it bound to spores that were reported to carry only 3-hydroxy-3-methylbutyrate groups, indicating that this methyl group is not essential for cross-reactivity.
Characterization of Shewanella spp. MR-4 CSP Conjugates. Both conjugates, BSA/CPS TSB and BSA/CPS CDM , formed a line of identity with anti-BSA and anti-spore sera by immunodiffusion. Both conjugates had high molecular masses, as shown by their elution at the void volume of the Sepharose CL-6B column. The protein/sugar ratios are shown in Table 3 . BSA/CPS TSB had lower sugar content than BSA/CPS CDM , probably because the BSA used for its preparation had a lower hydrazide content (5.2%) than the one used for BSA/CPS CDM (9.8%). Both conjugates had Ͻ5 endotoxin units/g as determined by the limulus amoebocyte lysate assay.
BSA/CPS TSB induced higher antibody levels to CPS TSB than to CPS CDM [54 vs. 43 ELISA units (EU)] but the difference was not statistically significant. There was no difference between antibody levels induced by BSA/CPS CDM and the two CPS (31 vs. 32 EU; Table 2 ).
Fluorescence microscopy showed that serum induced by both conjugates reacted with B. anthracis spores (Fig. 2) . In CPS CDM and in P. syringae flagella, a 3-hydroxy-butyrate group was found in place of the 3-hydroxy-3-methylbutyrate present in B. anthracis spores. Also, both Shewanella CPSs lacked the methyl group at O-2, which was described in anthrose. This suggests that none of these methyl groups is essential for cross-reactivity. 
Discussion
The anthrose-containing oligosaccharide present on the exosporium protein BclA was reported to be unique to B. anthracis spores (4, 9); however, the anthrose biosynthesis genes were recently also identified in other bacilli (13 Antibodies induced by these and possibly other cross-reactive moieties, as well as low levels of anti-toxin and anti-capsule found in adults, may explain the relative resistance of humans to anthrax (1, 17) . Similarly, immunity to Haemophilus influenzae type b (Hib) in adults is induced by cross-reactive saccharides containing ribitol-phosphate, including those in Escherichia coli K100 CPS, Staphylococcus aureus teichoic acid, and other bacteria (18) . It is therefore possible that the group most susceptible to anthrax is infants and children who have not yet developed such antibodies. This group may be the one most in need of active vaccination were protection against bioterroristic attack deemed essential.
The conjugates of Shewanella CPS described here were prepared and injected in accordance with a clinical protocol and in a similar manner to the preparation of Hib conjugates. We propose to add a Shewanella conjugate to future improved anthrax vaccines. Furthermore, whole-cell vaccines prepared with either Shewanella or P. syringae may be useful in veterinary practice.
Materials and Methods
Growth of Bacteria. The following bacterial strains were used in the study: B. anthracis Ames 35, an avirulent, Sterne-type strain lacking plasmid pXO2 (19) ; B. cereus strain 569 (20); Shewanella spp. strain MR-4, a gift from J. A. Gralnick (Department of Microbiology, BioTechnology Institute, University of Minnesota, St. Paul, MN); and P. syringae pv. tabaci 6605, a gift from Yuki Ichinose (Meiji University, Kawasaki, Japan). Shewanella spp. MR-4 was grown in either TSB (Difco Laboratories) or in CDM as described (10) . P. syringae were kept on King's medium plates and cultured in LB broth (Difco Laboratories) for 48 h at 25°C as described (11) .
Isolation and Purification of Shewanella CPS. CPS was isolated from the cell surface by vigorous stirring and purified as described (21), followed by ultracentrifugation (Sorvall Discovery 100SE, rotor type 55.2TI, Hitachi, Ltd., Tokyo) at 35,000 rpm for 5 h at 5°C to remove LPS. The supernatant was freeze-dried and passed through a Sepharose CL-6B column (1 ϫ 100 cm) in 0.2 M NaCl. A single high-molecular-mass polysaccharide was obtained for each CPS and designated CPS TSB and CPSCMP according to its culture media. CPS structures were confirmed by NMR (10).
Isolation of P. syringae Flagella, LPS, and O-SP.
Flagella were separated from P. syringae cells by vigorous stirring and purified by ultracentrifugation as described (22) . LPS was extracted by hot phenol (23) . To obtain the O-SP, LPS was treated with 1% acetic acid at 100°C for 1 h, Lipid A was removed by centrifugation, and the soluble products separated by a Sephadex G-50 column (1 ϫ 100 cm) in pyridine/acetic acid/water buffer (4/8/988). Void volume fractions were freeze-dried and analyzed by NMR. NMR Spectroscopy. NMR spectra were recorded at 60°C in D 2O on a Varian UNITY INOVA 500 instrument, using acetone as reference for proton (2.225 ppm) and carbon (31.5 ppm) spectra. Varian standard programs COSY, ROESY (mixing time of 400 ms), TOCSY (spinlock time of 120 ms), HSQC, and HMBC (long-range transfer delay of 100 ms) were used. Spectra were assigned by using the Topspin program (Bruker).
Analytical Methods. Sugar concentration was measured by the phenol/H 2SO4 assay (24) , protein concentration was measured by the method of Lowry (25) , and hydrazide was measured by the trinitrobenzenesulphonic acid assay (26) . SDS/PAGE was done using 14% gels, and separated material was electroblotted onto PVDF membranes according to the manufacturer's protocol (BioRad) and reacted with anti-spore and anti-anthrose sera. Double immunodiffusion was performed by using 1% agarose in PBS. Endotoxic activity was 
Pseudomonas syringae pv. tabaci 6605 O-SP repeating unit structure is as shown. NAc at E2: C-1 175.9 ppm, H-2/C-2 2.01/23.3 ppm. Mice (10 per group) were injected s.c. with 2.5 g saccharide as a conjugate/ mouse 3 times (2 wk apart) and killed 1 wk after the last injection. Antibody levels were calculated relative to a hyperimmune anti-Shewanella spp. MR-4 mouse serum that was assigned a value of 100 EU. measured by the limulus amoebocyte lysate assay as described by the manufacturer (Cambrex).
Antisera. Hyperimmune sera against Shewanella sp. MR-4 and P. syringae pv. tabaci 6605 were prepared with heat-killed whole bacteria as described (27) . Rabbit sera against whole anthrax spores (anti-spore) and against synthetic anthrax spore trisaccharide-keyhole limpet hemocyanin conjugate (antianthrose) (5) were supplied by Conrad Quinn (Centers for Disease Control, Atlanta, GA).
Preparation of Conjugates. Conjugate No. 1. BSA was derivatized with adipic acid dihydrazide (ADH) as described (26) . The product [BSA-adipic acid hydrazide (BSA-AH)] contained 5.2% AH groups (wt %). CPS TSB (10 mg) was dissolved in 1 ml 0.2 M NaCl and the pH was adjusted to 5.5. Next, 10 mg of BSA-AH in 0.5 ml 0.2 M NaCl was added, followed by 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) to a final concentration of 0.1 M EDC. The pH was maintained with an automatic titrator (MeterLab) at pH 5.5 for 4 h at room temperature. Next, the product was dialyzed against 0.2 M NaCl, overnight at 4°C and purified by gel filtration by using a Sepharose CL-6B column (1 ϫ 100 cm) in 0.2 M NaCl. The obtained conjugate was designated BSA/ CPS TSB. Conjugate No. 2. BSA was derivatized with ADH by using the conditions listed above. The obtained product, BSA-AH, contained 9.8% AH groups. CPS CMP (10 mg) was dissolved in 1 ml 0.2 M NaCl and the pH was adjusted to 5.5, 10 mg of BSA-AH was added, and the reaction proceeded as above. The obtained conjugate was designated BSA/CPS CMP.
Immunization. Five-to 6-week-old female National Institutes of Health SwissWebster mice were injected s.c. three times at 2-wk intervals with 2.5 g CPS as a conjugate in 0.1 ml PBS. Groups of 10 mice were killed 7 d after the third injections (27) . Controls received PBS.
Antibody. Antibody levels to Shewanella CPS were measured by ELISA by using CovaLink plates (Nalge Nunc Intern) (28) . The plates were coated with 100 l per well CPSTSB or CPSCMP (5 g/ml, determined to be optimal by checker board titration) dissolved in 10 mM 1-methylimidazole buffer (pH 7.0), and EDC was added to a final concentration of 50 mM and incubated at 37°C overnight. The plates were washed six times with 0.1% Brij 35-saline and blocked with 1% human serum albumin (HSA) in PBS for 1 h at room temperature. Twofold dilutions of the sera were made in 1% HSA-0.1% Brij 35-saline, incubated at 37°C for 4 h, and then washed six times. Goat anti-mouse IgG conjugated to alkaline phosphatase was added, and the mixture was incubated at 37°C for 3 h. Then, 4-nitrophenylphosphate [1 mg/ml in 1 M Tris⅐HCl buffer (pH 9.8), containing 0.3 mM MgSO4] was added. The OD405 was read after 30 min in an MR600 microplate reader (Dynatech).
Fluorescence Microscopy. B. anthracis Ames 35 and B. cereus 569 were grown on nutrient sporulation agar at 37°C for 2 d (29) . Spores were purified by washing the plates with deionized water, and the spore suspension incubated at 65°C for 30 min. The spore suspension was then washed twice with deionized water and subjected to immunofluorescent staining as described (30) with the following modification. The spore suspensions were applied to coverslips treated with 1% polylysine (Sigma), blocked with 3% milk in PBS for 30 min, and rabbit anti-spore or anti-anthrose, or mouse anti-Shewanella or anti-P. syringae sera added. After three washes in PBS, the coverslips were treated with a secondary antibody, either goat anti-mouse or goat anti-rabbit IgG conjugated to fluorescent dye AF488 (Molecular Probes). After staining, the coverslips were mounted onto slides and examined with a Nikon Eclipse TE2000-U fluorescence microscope.
